The relation between the results of adhesion and water sensitivity tests was investigated. The tests were performed according to the relevant European standards. Two paving grade bitumens (PGB) with different gradations were used in combination with three adhesion additives and basic, neutral and acidic coarse aggregate. It was concluded that each of the additives enhanced the evaluation of the adhesion regardless of the type of binder and aggregate. All the additives combined with PGB 35/50 improved the water sensitivity results. A better result with PGB 50/70 was observed with only one additive. It was noted that an assessment of the efficiency of an adhesion additive based on a change in the water sensitivity value (ITSR) can contradict a change in the indirect tensile strength. The expected reduction in values with an increase in the coarse aggregate acidity was only confirmed for the adhesion test. The change in the ITSR and the indirect tensile strength of dry and wet samples did not fit the expectations. The correlation between the results of the adhesion and water sensitivity test was low and could not be recommended for predicting the indirect tensile strength of asphalt from rolling bottle test results. Varveri, A. et al. (2014) Report on the results of the laboratory tests for the RA mixtures without considering the effect of ageing. Deliverable No. 2 of the project EARN -Effects on Availability of Road Network. Witczak, S. (2014) Prawdy i mity związane z powinowactwem pomiędzy asfaltem i kruszywem. (Truths and myths about bitumen-aggregate affinity). Proceedings of eSeMA
INTRODUCTION
Road transport is an important factor in economic growth. The high quality of a road network is a basic assumption enabling the use of this mode of transport. Therefore, it is indispensable to maintain road pavements at an adequate quality level. Various maintenance strategies can be used, but the lifetime of the pavement structure (or rather the critical pavement layer) is always important in the economic analyses. Pavement layers have to fulfill several requirements to produce a lasting and high-quality pavement structure. The fulfillment of the demands for the parameters of a layer is proved via laboratory tests of the material that is intended to be used for the construction of a layer.
As for asphalt pavements, the durability of an asphalt layer depends not only on the quality of the main components of the asphalt mixture (the aggregate and binder) and the design of the asphalt mixture`s composition but also on the adhesion between the binder and the aggregate. This is especially important when it is anticipated that the asphalt mixture will be exposed to wet conditions because the occurrence of water worsens the adhesion between the binder and the aggregate and decreases the lifetime of asphalt pavements in service.
Various tests can be used to evaluate the level of the adhesion between the binder and aggregate or the water sensitivity of asphalts. The choice of a method is obviously territorial (Lancaster and Lancaster, 2016) ; however, the use of different methods can lead to different results and an assessment of the resistance to water (Batista et al., 2009) .
Two main standards are applied within Europe. The first (EN 12697-11:2012) , relates to the adhesion between the binder and ag-gregate, and it is performed on loosely coated aggregate. The second (EN 12697-12:2003 ) is used to assess the water sensitivity of compacted asphalts based on strength characteristics.
The most used procedure described in EN 12697-11:2012 to test the adhesion between the binder and the aggregate is the rolling bottle test. This method is used to evaluate the degree of binder coverage on uncompacted binder-coated mineral aggregate particles after the effect of mechanically stirring them in the presence of water. The investigations are obviously focused on the effect of the nature of the aggregate and acidity on the level of coverage for various binders (Remišová, 2004; Remišová, 2010; Cuadri et al., 2015) . Moreover, the test results are also used to investigate relationships to other test methods focused on the sensitivity to water of the asphalt. The investigation of the relationship to the tensile stiffness (Grönniger et al., 2010; Grenfell, 2014) can be mentioned as an example.
The water sensitivity test (ITSR), which is based on the indirect tensile strength test (ITS) according to EN 12697-23:2003 , was used to determine the effect of various adhesion promoters (Valentin et al., 2013) or plastic waste (Ranieri et al., 2017) on improving adhesion. The ITSR test was also included in research focused on the properties of different types of asphalts containing various percentages of reclaimed asphalt without any additives (Komacka et al., 2014) or a warm mix additive (WMA) (Varveri et al., 2014) , or to determine the physical properties of WMA mixes produced using foam bitumen technology (Remišová, 2010; Kavussi and Hashemian, 2011; Chomicz-Kowalska et al., 2016) . The ITS test results have been used in several projects to investigate the relationships between the ITS and the functional characteristics (resistance to rutting, fatigue and stiffness) of asphalts (Florio et al., 2014) and also in an extensive research study focused on a comparison of several different testing procedures for water/frost sensitivity (Maliszewski et al., 2016) . Based on the conclusions of the research findings presented, it can be stated that the value of the ITSR varies largely, mostly depending on the type of binder and its parameters (Komacka et al., 2014; Lancaster and Lancaster, 2016) , adhesion additives and aggregate properties (acidity) (Valentová et al., 2016) , and also on the thickness of the bitumen film (Burak and Emine, 2007) .
The rolling bottle test and the ITSR test are in principle performed on different types of materials, and the parameter used to evaluate the effect of water is also dissimilar. The stripping of the binder from the surface of the aggregate particle in the rolling bottle test can predict the decrease in the contact area covered by the binder between two aggregate particles, which can lead to lower strength parameters of the asphalt. However, the two-way contact between the aggregate particles is often replaced by the contact of an aggregate particle with the asphalt mastic, where the level of the binder stripping is less significant from the point of view of the asphalt strength parameters. Moreover, the water aggressiveness level on the stripping binder is different in these tests, i.e., the whole surface of the aggregate particles is especially not accessible to water, and no stirring occurs during the ITSR test. Therefore, it would be interesting to know whether any relationship between the results of the adhesion and water sensitivity test exists. It could be used to predict the strength parameter of asphalt from the rolling bottle test results and reduce material, time, and equipment costs related to the ITSR test.
Some research on this topic has been performed in various works (Krajewski and Błażejowski, 2012; Krajewski, 2013; Błażejowski et al., 2013; Witczak, 2014) , and no relationship was found. However, one freeze/thaw cycle was used in the process of preparing wet samples, but it is not in accordance with the EN 12697-12:2008 test procedure. The freeze/thaw cycle could have an effect on the test results and, subsequently, on the assessment of the relation between the parameters investigated. Therefore, an investigation exactly according to the EN 12697-11:2012 , EN 12697-12:2008 and EN 12697-23:2003 European standards was executed. Apart from the main research goal, the effect of additives on the adhesion and the ITS and ITSR values was investigated.
EXPERIMENTAL PROGRAM
The water sensitivity of three asphalt mixtures ( Fig. 1 ) was tested according to EN 12697-12:2008 . The main goal of the water sensitivity experimental program was to investigate the effect of the binder and type of additive on changes in the results for the AC 11 surface course, which consists of basic (alkaline) coarse aggregate and basic fine aggregate. Two paving grade binders with different gradations were tested with and without adhesion additives (0.4 % dosage). The results from testing the pure bitumen binder properties and the bitumen binder with additives are presented in Tab. 1. A complementary focus was concentrated on the effect of
Tab. 1 Results of tests on the bitumen binder properties.
Bitumen
Penetration ( aggregate acidity, where melaphyre (neutral) and andesite (close to acidic) coarse aggregate were used in the AC 22 mixture for the binder course (Fig.1) . The overview of the material combinations used is in Tab. 2.
To complete the input data for the investigation of the relationship sought, rolling bottle tests were performed with the same combinations of materials presented in Tab. 2. A particle size of 8/11 mm was used for the preparation of the test samples.
The samples for the water sensitivity test were compacted by a Marshall hammer (2 x 35 blows) and separated into two groups (dry and wet) based on their bulk densities. Then, the test procedure according to EN 12697-23 was applied (determination of ITS); subsequently, the ITSR values were calculated. As for the rolling bottle test, the preparation of the samples, test procedure, and evaluation were completely in accordance with EN 12697-11:2012.
TEST RESULTS AND DISCUSSION
A global overview of the test results is shown in Tabs. 3 and 4. The ITS d and ITS w values represent the average of the three values.
The adhesion values after 6 h and 24 h represent the percentage determined of the aggregate surface covered by a binder (the average of the three values).
The ITSR values for the basic aggregate demonstrate the effect of the binder used and adhesion additives. There is a slight difference between the values that were obtained for the binders without the adhesion additives (the lower value for PGB 50/70). The Wetfix AP-47 additive increases the ITSR values in the case of both binders and concurrently changes the reciprocal relation of the ITSR values (a higher value for PGB 50/70). The CWM additive acts differently because it only increases the ITSR value for PGB 35/50. This leads to a higher distinction between the ITSR values for PGB 35/50 and PGB 50/70. The Wetfix BE additive also enhances the water sensitivity compared to the value of the pure PGB 35/50. It can generally be concluded with reference to the basic aggregate that each of the additives used in the combination with PGB 35/50 improves the water sensitivity of the asphalt. The better results for the PGB 50/70 were only observed with the Wetfix AP-47.
The statements above respect the usual method of evaluating water sensitivity based on the ITSR value. However, the numeric values of the ITS d and ITS w are ignored, and their ratio is the only determining parameter. When assuming that the higher percentage of aggregate surface covered by a binder (due to the adhesion additives used) should lead to higher strength parameters of the samples (dry and/or wet) in the water sensitivity test, the effect of the adhesive additives used could be evaluated a little bit differently. No change would occur in the case of PGB 50/70 since both strength parameters (ITS d and ITS w ) are higher when Wetfix AP-47 was added to the binder. The positive effect of all the additives used for the PGB 35/50 is not observed when the strength parameters of the asphalt are assessed. The higher ITS d and ITS w values were recorded only for the CWM additive. All the values for the Wetfix AP-47 and Wetfix BE additives are lower when compared to the pure PGB 35/50. The asphalt containing PGB 35/50 with Wetfix BE is a good example of a possible contradictory evaluation based on the ITSR value and the use of the strength of the dry and wet samples. Both the ITS d and ITS w values are lower in comparison with the pure PGB 35/50 (and the lowest of all the values), but the ITSR is the highest for all the mixtures with PGB 35/50.
The effect of the acidity of the coarse aggregate on the water sensitivity (ITSR values) is not in conformity with the theoretical assumptions. The expected reduction of ITSR with the increase in the acidity of the coarse aggregate was not confirmed. The disproportion is in the ITSR values for the andesite aggregate. The ITSR value of 88.3 % for the pure PGB 35/50 is the highest (compared to the limestone and melaphyre aggregate) and does not fit the expectations. The same can be stated for the asphalts where the CWM and Wetfix BE additives were added to the PGB 35/50. However, similarly to the limestone aggregate, the positive efficiency of the CWM An evaluation of the effect of the aggregate acidity based on the ITS d and ITS w values could not be made for all three categories. As the asphalt containing limestone aggregate had a different composition, only the values for the melaphyre and andesite aggregate can be taken into account. The discrepancy with the expectations, which was observed in the case of ITSR, was also determined for the ITS values. It can be seen that the higher ITS d and ITS w values are achieved by the asphalt with the andesite (more acidic) aggregate (the only exception is the ITS d value for the andesite aggregate and the CWM additive). This is not in accordance with the supposition that the lower strength of the asphalt are achieved with a more acidic coarse aggregate. When the advantages of the additives are assessed, the different effects on the ITS d and ITS w values can be stated. The CWM additive slightly increases the ITS d and ITS w values for the melaphyre aggregate but decreases these values for the andesite aggregate. The results with the Wetfix BE additive are a little bit different. This additive decreases the ITS d value and enhances the ITS w value in comparison with the pure PGB 35/50. It is valid for both acidities of the coarse aggregate. As with the limestone (basic) aggregate, the problematic use of ITSR as a water sensitivity evaluation parameter can also be observed in the case of the melaphyre and andesite aggregate. Both the ITS values for the asphalt with the CWM additive are lower than those with the pure PGB 35/50. Nevertheless, their better ratio results in a positive evaluation of the contribution of the additive because the ITSR is higher.
When the results of the adhesion tests were assessed, there was a difference between the results after 6 h and 24 h. As for the limestone, the decrease in the percentage of the surface covered by the binder was from 10 % to 25 %. A lower rate of decrease was observed when the adhesive additives were used, which can be assessed as coming from the positive effect of the additives. When the adhesion values of both binders (without the additives) to the limestone aggregate were compared, it can be stated that the adhesion of PGB 50/70 is worse. The use of additives improves the PGB 50/70 adhesion and shifts it to the same values determined for the PGB 35/50.
The difference between the adhesion test results after 6 h and 24 h in the case of the melaphyre was in a range of 10 -40 %. The percentage of the covered surface relating to the PGB 35/50 binder without the additives was lower than the values recorded for this binder with the additives. However, the percentage was higher compared to the values of the PGB 50/70. The highest difference between the percentages of the covered surface determined after 6 h and 24 h was found in the case of the andesite aggregate (15 -55 %). The worse adhesion of the binders without additives was again proven; moreover, the PGB 50/70 results were worse than those with the PGB 35/50.
The effect of the aggregate acidity was only in accordance with the theoretical assumptions for the binders without the adhesion additives. The highest percentage of the surface covered by the binder was observed in the case of the limestone aggregate, while the lowest was for the most acidic of the aggregate tested (andesite). The use of the CWM and Wetfix BE additives negates the effect of the aggregate acidity because after 24 h, the adhesion values reached approximately the same numbers regardless of the kind of aggregate.
Taking into account the changes in the adhesion and water sensitivity that were discussed above, one can assume that the relationship, if there is one, between these parameters is not strong. Fig. 2 has a global overview of the relation between the percentage of the surface covered by the binder and the ITSR parameter. As can be seen, the determination coefficient R 2 for the limestone aggregate is low and shows no relation between the parameters. The addition of the values for the melaphyre and andesite would not increase the R 2 value because these values are scattered. This confirms the negative expectations regarding the relationship and its global validity. Nevertheless, regardless of the spread of the data and the low determination coefficient, one tendency can be observed, i.e., the higher percentage of the surface covered by the binder leads to a higher ITSR value. However, it is necessary to keep in mind that the three lowest percentages of the covered surface represent the ITSR values for the pure binders without the adhesion additives and that the mentioned tendency is the result of the positive effect of the additives. When the data for one binder and one additive are used (across the aggregate acidity), the relationship is no better for the PGB 35/50 with CWM ( Fig. 3) . On the contrary, there is a very high value of R 2 in the case of the PGB 35/50 with the Wetfix BE; however, there is a tendency contrary to what was expected.
Similarly to the evaluation above, the relationship between the results of the adhesion and the ITS d and ITS w values was also investigated. All the ITS d values were grouped regardless of the type of 
CONCLUSIONS
The research focused on the relationship between the results of the adhesion and water sensitivity tests confirmed the existing knowledge related to the adhesion test, and some new findings were revealed for the water sensitivity test.
The rolling bottle tests proved the better adhesion of the PGB 35/50 to the aggregate compared to the PGB 50/70. The effect of the aggregate acidity on the adhesion of the pure binders was identified and was in accordance with the current knowledge (a more acidic aggregate leads to a lower percentage of the aggregate surface being covered by the binder). The positive efficiency of the adhesion additives was also observed. It was concluded that each of the additives used enhanced the adhesion regardless of the type of binder and aggregate. The use of the CWM and Wetfix BE additives negates the effect of the aggregate acidity because the adhesion values after 24 h reached approximately the same numbers regardless of the kind of aggregate.
The water sensitivity test results were not always in accordance with the adhesion test results. The change in values due to the type of binder, the aggregate acidity, and the type of adhesion additive was also determined, but the difference sometimes had a tendency contrary to what was in the adhesion test. Thus, it can be stated that all the additives used in combination with the PGB 35/50 improved the water sensitivity results. A better result with the PGB 50/70 was only observed with one additive. However, it can be noted that the assessment of the adhesion additive`s efficiency based on the change in the ITSR value can contradict an evaluation that takes the change in the indirect tensile strength into account. As for the expected reduction of the ITSR, ITS d , and ITS w values with the increase in the coarse aggregate acidity, this was not confirmed.
A negative result has to be stated regarding the correlation between the results of the adhesion and water sensitivity tests. The determination coefficient between the percentage of the aggregate surface covered by the binder and the ITSR value was low. However, a slight tendency to a higher ITSR value with the increase in the percentage of the covered surface can be deduced as the result of the positive effect of the adhesion additives. Nevertheless, the relationship between these two parameters is not sufficiently strong and could not be recommended for predicting the indirect tensile strength of asphalt from the rolling bottle test results. The same conclusion can be reached for the relationship between the percentage of the aggregate surface covered by the binder and the ITS d or ITS w value. Moreover, no tendency to higher values (ITS d or ITS w ) mentioned in the case of ITSR was noted for the binder with additives. Fig. 2 Relationship between the adhesion and ITSR (all values). Fig. 3 Relationship between the adhesion and ITSR for the PGB 35/50 binder and two additives.
Fig. 4 Relationship between the adhesion and ITS d or ITS w (all values).

